Tyrosyl-DNA phosphodiesterase (TDP1) is a phylogenetically conserved enzyme critical for the removal of blocking lesions at the 3′ ends of DNA or RNA. This study analyzes the Drosophila TDP1 gene ortholog glaikit (gkt) and its possible role(s) in the repair of endogenous DNA lesions and neuroprotection. To do so, we studied a homozygous PiggyBac insertion (c03958) that disrupts the 5′ UTR of gkt. Protein extracts of c03958 flies were defective in hydrolyzing 3′-DNA-tyrosyl residues, demonstrating that gkt is the Drosophila TDP1. Although the mutant is generally healthy and fertile, females exhibit reduced lifespan and diminished climbing ability. This phenotype was rescued by neuronal expression of TDP1. In addition, when c03958 larvae were exposed to bleomycin, an agent that produces oxidative DNA damage, or topoisomerase I-targeted drugs (camptothecin and a noncamptothecin indenoisoquinoline derivative, LMP-776), survivors displayed rough eye patches, which were rescued by neuronal expression of TDP1. Our study establishes that gkt is the Drosophila TDP1 gene, and that it is critical for neuroprotection, normal longevity, and repair of damaged DNA.
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aging | neuroscience | DNA repair | topoisomerase | fly D NA repair is indispensable to maintaining genomic integrity against the various endogenous and exogenous agents and enzymes that react with DNA, including reactive oxygen species (1-3), base-damaging agents (4, 5) , and chain-terminating nucleosides (6) , which yield nonligatable DNA ends. In addition, topoisomerase I (Top1) (7-9) is capable of generating strand breaks with protein-blocked 3′ ends. To ligate and extend the ends of broken DNA, the modified 3′ end must be removed. Tyrosyl-DNA phosphodiesterase (TDP1), first identified in yeast, catalyzes the hydrolysis of 3′-phosphotyrosyl, 3′-phosphoglycolate, and 3′-nucleoside bonds (8, (10) (11) (12) (13) (14) . The irreversible Top1-DNA complexes and 3′-blocking nucleoside lesions are cleaved by TDP1, leaving 3′-terminal phosphates, which are further processed by polynucleotide kinase phosphatase before ligation and/or extension by polymerases.
Deleterious TDP1 mutants in yeast, mice, and humans are viable but have decreased capacity to repair oxidative and topoisomerase-induced damage (15) (16) (17) . In humans, a homozygous mutation in TDP1 (A1478G) causes spinocerebellar ataxia with axonal neuropathy (SCAN1) (18) . Cells from SCAN1 patients contain enhanced levels of Top1 cleavage complexes (Top1cc) and have defective repair of Top1cc (19, 20) and oxidative damage (21) . In mice, TDP1 was recently shown to play a critical role in removing endogenous Top1cc and preventing neurodevelopmental defects (22) .
A Drosophila TDP1 ortholog, encoded by the glaikit gene (gtk), has been reported, but its functions in DNA repair have not been studied because the knockout flies were found to be nonviable, with defects in epithelial polarity formation and neuronal development (23) . This finding was surprising because TDP1 is not essential for viability in other eukaryotes, including yeast (10, 11) , chicken and human cells (4, 24) , and mice (16, 25) . Here we use an insertional mutant (Exelixis line c03958) to elucidate the role of TDP1 in flies and its critical activity for the repair of 3′-blocked DNA termini and neuroprotection.
Results
The Drosophila Gene for TDP1, gkt, Is Strongly Expressed in Fly Heads.
Like other species, Drosophila has only one ortholog of human TDP1 (23) . The gene consists of five exons and four introns and encodes a 580-aa protein with catalytic residues identical to those found in the yeast, human, and mouse TDP1 proteins (Fig. S1 ). An Exelixis PiggyBac insertion, c03958, is located 38 nt upstream of the start codon of TDP1 (Fig. 1A) (23, 26) . Flies carrying the insertion are seemingly healthy and fertile without any gross defect. This is in surprising contrast to the phenotypes ascribed to loss of function of the gkt/TDP1 gene in a previous report (23) . To determine whether TDP1 function was indeed impaired in c03958 flies, we tested the phosphodiesterase activity of TDP1 in these animals, using a synthesized nucleopeptide that mimics the Top1-DNA covalent complex, with a phosphodiester linkage between the side-chain hydroxyl group of a tyrosine residue and the 3′ end of an oligonucleotide chain (10, 27, 28) (Fig. 1B) . Different amounts of protein extracts (243-fold range) from control or c03958 tdp1 mutant flies were used in the assays (Fig. 1C) . The 14-mer nucleopeptide was completely converted into the corresponding 3′-hydroxyl oligonucleotides after incubation with 6 μg of control protein extract, and phosphodiesterase activity Significance Tyrosyl-DNA phosphodiesterase 1 (TDP1) is a novel repair enzyme that removes 3′-DNA blocking groups generated by topoisomerase cleavage complexes, oxidative DNA lesions, and base alkylation during normal transcription and replication, and by widely used anticancer drugs that induce DNA strand breaks including topoisomerase inhibitors (topotecan, irinotecan, etoposide), bleomycin, and alkylating agents (temozolomide). This report demonstrates that the Drosophila gene glaikit (gkt) is the ortholog of TDP1. It also demonstrates the critical importance of TDP1 (gkt) for normal neurological development and lifespan, potentially linking TDP1 and mitochondria to neurodegenerative diseases. This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. Email: dongyu.guo@fda.hhs.gov or pommier@nih.gov. remained detectable at 81-fold dilution of the control protein extract. However, extract from the TDP1 mutant exhibited little to no significant phosphodiesterase activity even with 6 μg of protein extract. The weak TDP1 activity observed at this high concentration of extract (Fig. 1C , lane 9) is likely caused by other (much less effective and less specific) phosphodiesterase activities. For instance, TDP2 can act as a backup pathway in the absence of TDP1 (29), and overexpression of TDP2 is sufficient to complement the hypersensitivity of TDP1-deficient budding yeast to camptothecin (CPT) (30) . Mre11 has also been shown to cleave 3′-phosphotyrosyl-DNA bonds (31) and repair Top1cc in parallel with TDP1 (32) (33) (34) . These results provide strong evidence that gkt encodes TDP1 in Drosophila.
To directly examine the effects of the c03958 mutation on TDP1 expression, we generated an antibody against an 18-mer peptide antigen (LTPYAPDDKPFLMDYLQG) corresponding to the TDP1 C terminus (Fig. S1 ). Consistent with the distribution of TDP1 mRNA, which is enriched in fly brain, thoracicoabdominal ganglion, and ovary (flyatlas.org), we found that TDP1 protein is expressed in the fly head and body, with the head exhibiting higher levels (Fig. 1D ). In contrast, no TDP1 protein was detected in the c03958 mutant (tdp1Δ), consistent with the conclusion that gkt exclusively encodes Drosophila TDP1. Together, our results indicate that the insertion c03958 disrupts the expression of TDP1 in Drosophila melanogaster, and establish that gkt is the Drosophila TDP1 ortholog.
TDP1 Mutant Females Have Short Lifespans and Defective Climbing
Ability. Top1 cleavage complexes accumulate at damaged DNA sites (8, 35) under normal conditions (22, 36) , and TDP1 repairs not only Top1-mediated DNA damage but also endogenous oxidative DNA lesions (2, 8, 12) . Both of these types of damage can result in increased mortality, and we therefore tested whether TDP1 influences the lifespan of tdp1Δ flies. Fig. 2A shows that tdp1Δ female flies have significantly reduced lifespan.
Tdp1Δ females also exhibited decreased climbing ability ( Fig.  2B ). At the age where 95% of the mutant fly population survived, tdp1Δ females had similar climbing ability as their control counterparts, but at ages corresponding to both 60% and 30% survival levels, tdp1Δ females showed reduced climbing ability (around 40% of controls; Fig. 2B ).
Next, we determined whether the reduced lifespan and climbing phenotypes could be rescued by TDP1/gkt expression in tdp1Δ flies. We applied the UAS/Gal4 system to express TDP1 in the nervous system. Expression of TDP1 driven by NirvanaGal4, which is known to be expressed exclusively in the nervous system of Drosophila (37), not only restored the mean lifespan of mutant flies (Fig. 2C ) but also restored their climbing ability at both 60% and 30% survival levels (Fig. 2D) . These results indicate that TDP1 plays a housekeeping role for the maintenance of normal functions in the nervous system. (38) . It has been reported that disruption of DNA repair genes results in rough eyes in Drosophila due to apoptosis (39) . Eyes of tdp1Δ flies were mostly normal in the absence of treatment (Fig. 3A, Left) , but after feeding larvae 25 μM CPT, both control and tdp1Δ flies displayed rough eyes (Fig. 3A, Right) . However, the rough eye phenotype of CPTtreated tdp1Δ flies was more severe than that of the corresponding controls (Fig. 3 A and B) .
We expanded the studies to two other DNA-damaging agents known to depend on TDP1 for repair, bleomycin (15, 21) and the noncamptothecin Top1 inhibitor NSC-725776 (LMP-776), which is in clinical trials as an anticancer drug (40) . Adult tdp1Δ flies, which as larvae were fed bleomycin, CPT, or NSC-725776, exhibited a more pronounced rough eye phenotype than wild-type control flies (Fig. 3B) . On the contrary, there was no detectable rough eye phenotype in TDP1 adults fed as larvae with etoposide, a Top2 poison (40, 41) , for which DNA repair is primarily carried out by TDP2 (8, 30, 42 ). Our results demonstrate that TDP1 contributes significantly to epithelial cell maintenance in the face of Top1-mediated and oxidative DNA damage.
To investigate whether expression of TDP1 in the nervous system can rescue the rough eye phenotype induced by CPT and bleomycin, we examined tdp1Δ and TDP1-complemented flies after feeding larvae CPT or bleomycin. Expression of TDP1 in the nervous system of tdp1Δ mutant flies partially ameliorated the rough eye phenotype of larvae fed either CPT or bleomycin, with the fraction of rough-eyed adults decreasing by 33% and 48% when larvae were fed 11 μM bleomycin and 25 μM CPT, respectively ( Fig. 3 C and D) . Expression of TDP1 in the nervous system did not bring the fraction of adults with rough eyes to that of controls treated either with CPT (44 ± 9% vs. 19 ± 8%) or bleomycin (58 ± 12% vs. 11 ± 4%). These results indicate that expression of TDP1 in the nervous system rescues the rough eye phenotype, but only partially. Because of the cellular complexity of the Drosophila eye, it is likely that the partial correction of the rough eye phenotype is due to TDP1 inactivation outside of neurons, such as in the accessory cells.
Discussion
The present study demonstrates that gkt is the tyrosyl-DNA phosphodiesterase 1 of D. melanogaster and that it is not essential for viability but is important for nervous system maintenance during development and for response to DNA damage. We show that Drosophila TDP1 hydrolyzes tyrosyl-DNA covalent bonds, just as previously reported for TDP1 in other species (2, 11, 16, 25, 43) , which is consistent with the high conservation of TDP1 active site residues across species (Fig. S1) . No TDP1 protein and no TDPl activity were detected in gkt/TDP1 mutant flies by Western blotting and biochemical assays, demonstrating that gkt/TDP1 repairs Top1-induced and oxidative DNA damages in flies.
Dunlop and coworkers reported that loss of gkt during neuronal development results in severe CNS architecture disruption and embryonic lethality (23) . However, we find that TDP1/gktΔ flies are viable and without detectable developmental defect. Although we are unable to explain their results, which were based on the study of other mutants in which TDP1 activity was not assayed, we note that our results are consistent with those obtained with two TDP1 −/− mouse models. In one, the mouse phenotype is indistinguishable from wild-type, physically, histologically, behaviorally, and electrophysiologically (25) . In the other, mice display age-dependent progressive cerebellar atrophy (16) , which is aggravated upon ATM inactivation (22) . Both TDP1 −/− mouse models show hypersensitivity to CPT as well as to bleomycin, which is consistent with our results in flies where, in addition, we observed hypersensitivity to the noncamptothecin Top1 inhibitor NSC-725776. Top1 inhibitors and bleomycin produce different forms of 3′-end DNA damage. CPT selectively traps the catalytic intermediates of the Top1-DNA reaction, the cleavage complexes (40, 44) , whereas bleomycin causes strand breaks with 3′-phosphoglycolates and abasic sites due to hydrogen abstraction from the C-4′ position of deoxyribose sugars in DNA (45) .
TDP1 mutant females, but not TDP1 mutant males, showed a shortened lifespan. This notable difference is not due to differential expression of TDP1 in males and females (Fig. 1D) . Different lifespans for the two sexes are not uncommon. One combination of D. melanogaster insulin receptor (inr) alleles, InR p5545 /InR E19 , extends lifespan for females by 85% but only by 43% for males (46) . Mutations in CHICO, the gene encoding the Drosophila insulin receptor substrate homolog (47) , extend the lifespan of adult females by 48% but not that of males (48) . The mechanisms underlying these phenotypes are not fully understood, but may be related to the higher metabolism, selective hormone-dependent gene expression, and larger size of females. Lifespan in all organisms is determined genetically and influenced by the environment. The free radical theory of aging (49, 50) proposes that accumulation of oxidative damage to cellular components leads to the progressive dysfunction and death of cells, organs, and ultimately the organism. More recent studies in diverse organisms including nematodes, flies, and rodents suggest that the central nervous system controls lifespan (51, 52) . The high metabolic activity of mature neurons generates large amounts of reactive oxygen species with DNA-damaging capacity. Defects in DNA damage repair in the nervous system may lead to a shorter lifespan. The nervous system coordinates the defenses of the whole body to endogenous and exogenous insults by modulating the activities of neuroendocrine pathways and the autonomic nervous system (53) . Hydrolysis of the 3′-terminal glycolate-DNA phosphodiester by TDP1 repairs oxidative damage (2, 4, 5, 15, 21) . Restoration of the lifespan of TDP1 mutant females by expression of TDP1 with nrv2-Gal4 in the central nervous system suggests that resistance to oxidative stress in the nervous system is a prerequisite for normal lifespan. Our conclusions converge with those from a recent study demonstrating the critical importance of TDP1 in mice in preserving genomic integrity and preventing disease in the nervous system (22) .
Materials and Methods
Fly Strains. Flies were grown on cornmeal/molasses agar [10% (wt/vol) sucrose, 2% (wt/vol) yeast, 3.3% (wt/vol) cornmeal, 1% agar] at 25°C and 50% humidity under a 12-h/12-h light/dark cycle using standard techniques. Line c03958 and the nrv2-Gal4 driver line were obtained from the Bloomington Drosophila Stock Center at Indiana University.
Larval Feeding. Eggs from Drosophila were collected during a 6-h period from culture bottles containing standard medium. After 72 h, groups of 100 larvae were washed with 20% sucrose solution and transferred to standard plastic vials containing 1.5 g of Drosophila Instant Medium (Carolina Biological Supply) rehydrated with 5 mL of the respective test solutions. The larvae were kept on this medium until the emergence of adult flies (54) .
Transgenic Flies. TDP1 cDNA was obtained from GDRC (Drosophila Genomics Resource Center) (LD37277) and cloned into pUAST with PCR primers Tdp1F: 5′-CGGCAGATCTCGCGCTTTGTGTTTTTTATTTGC-3′ and Tdp1R: 5′-AGTGGGC-GGCCGCCGATTTAGGTGACACTATAGAACTCGAG-3′. The following genetic crossing schemes were followed to generate stocks for the Tdp1 rescue experiments. Sp/CyO;Dr/TM3Sb virgin females were crossed to a single male carrying a UAS-TDP1 transgene or nrv2-Gal4 on the third chromosome. To double balance, male or virgin female CyO, Dr progeny flies were crossed to male or virgin female Sp, Dr flies. The resulting progeny that carried both Sp and Cyo was crossed to each other to generate Sp/CyO;UAS-TDP1 or Sp/CyO;nrv2-Gal4 stocks that were maintained. Males from these stocks were then crossed to gkt c03958 ;Dr/ TM3Sb virgin females. Non-Sp, CyO, non-Dr progeny were self-crossed to yield gkt c03958 ;UAS-TDP1 or gkt c03958 ;nrv2-Gal4 stocks to be used for rescue assays.
Protein Extraction, Western Blotting, and TDP1 Activity Assays. Two to 20 flies were collected under brief CO 2 anesthesia in a 1.5-mL Eppendorf tube. These flies were homogenized in 20-200 μL of 0.02 M Hepes (pH 7.5) containing 0.1 M KCl, 5% (vol/vol) glycerol, 10 mM EDTA, 0.1% Triton X-100, and a mixture of protease inhibitors (Roche). The homogenate was centrifuged at 1,000 × g for 10 min at 4°C. Supernatant was transferred to a clean tube. The protein concentration was measured by a Bio-Rad protein assay kit (500-0006) on an Ultrospec 2100 pro spectrophotometer (Amersham Biosciences). Twenty micrograms of protein from the final supernatant was mixed with Novex Tris·glycine SDS sample buffer or NuPage LDS (lithium dodecyl sulfate) sample buffer (Invitrogen), heated at 75-85°C for 5 min, and subjected to electrophoresis. After transfer to a nitrocellulose membrane, blots were probed with rabbit anti-TDP1 polyclonal antibody at 1:3,000 dilution. The secondary antibody was peroxidase-linked donkey anti-IgG, obtained from Jackson ImmunoResearch Laboratories and used according to the supplier's instructions. Blots were developed with the ECL detection system (GE Healthcare). TDP1 activity assays were performed using a 5′-32 P end-labeled 14-mer oligonucleotide with a 3′-phosphotyrosine (Midland) (27) . Reactions were performed in 80 mM KCl, 2 mM EDTA, 1 mM DTT, 40 mg/mL BSA, 50 mM Tris·HCl (pH 7.5), and 0.01% Tween 20. After a 15-min incubation at room temperature, the reactions were terminated by adding one volume of gel loading buffer [96% (vol/vol) formamide, 10 mM EDTA, 1% (wt/vol) bromophenol blue]. Double-stranded substrates were heated at 95°C for 3 min before loading. Samples were subjected to 16% polyacrylamide gel electrophoresis and dried and exposed on PhosphoImager screens. Imaging and quantitations were done using a Typhoon 8600 and ImageQuant software (GE Healthcare).
Longevity and Climbing Ability. The longevity assay was performed as described (55) . One hundred eighty 1-to 2-d-old TDP1 mutants or control flies were collected under brief CO 2 anesthesia. The collected flies were separated by sex and kept in groups of 30 individuals in vials with standard food. The flies were transferred to new vials every 2 or 3 d and the number of dead flies in each vial was scored. This process was continued until all the flies died, and the percentage of flies alive at each time point was graphed. The climbing ability assay was performed as described (56) . Aged flies at certain time points were put in an empty Drosophila vial (Genesee Scientific; 32-110) and gently tapped to the bottom of the vial. A line 3 inches from the bottom of the vial was drawn. The number of flies climbing over the line was counted after 30 s of climbing. Statistical analysis was performed with SPSS software (IBM).
Scanning Electron Microscopy. For SEM studies, adult flies of the desired genotypes were decapitated. Heads were fixed in 2.5% glutaraldehyde overnight at 4°C, washed three times for 30 min with 0.1 M PBS, dehydrated in ascending acetone grades, and then critical point-dried. They were then mounted on studs in the desired orientation under a stereobinocular microscope and coated with gold (thickness 30-35 nm). Scanning was done in SEM mode on an Amray 1820D electron microscope at 5 kV. 
